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AutoregulationWnt signaling and HOM-C/Hox genes pattern cell fate along the anterior/posterior axis in many animals. In
general, Wnt signaling participates in establishing the anterior/posterior axis, whereas HOM-C genes confer
regional identities to cells along the axis. However, recent work in non-bilaterial metazoans suggests that the
ancestral patterning system relied on Wnts, with a later co-option of HOM-C genes to replace Wnts in
regional patterning. Here we provide direct experimental support for this model from C. elegans, where a
regional Wnt patterning system is uncovered in HOM-C gene mutants. Anterior/posterior patterning of P11/
P12 cell fate in the C. elegans tail is normally dependent on the HOM-C gene egl-5/Abdominal-B. If the HOM-C
gene mab-5/fushi tarazu is also mutant, however, a Wnt signal can promote P12 fate in the absence of egl-5.
Furthermore, transcription of egl-5 in the P12.pa cell is inﬂuenced by an autoregulatory element that is
essential in wild type, but not in mab-5 egl-5 double mutants, identifying regulatory parallels between P12
cell fate speciﬁcation and egl-5 transcriptional regulation in the P12 lineage. Together, our results identify
complex regulatory relationships among signaling pathways and HOM-C genes, and uncover a layering of
patterning systems that may reﬂect their evolutionary history.© 2009 Elsevier Inc. All rights reserved.IntroductionHomeotic cluster genes (HOM-C genes) encode Hox transcription
factors that play a major role in patterning cell fates along the
anterior/posterior body axis of animals (reviewed in McGinnis and
Krumlauf (1992), Krumlauf (1994), Kenyon et al. (1997), Mann and
Morata (2000), Lemons and McGinnis (2006)). Although axial
patterning by HOM-C or other Hox genes is recognized as a unifying
theme for many animals (Slack et al., 1993), work in non-bilaterian
species indicates that this function of Hox genes is not shared among
all Metazoa (reviewed in Schierwater and Desalle (2001), Ryan and
Baxevanis (2007)). Furthermore, the regional expression patterns of
Wnt genes along the oral/aboral axis of the sea anemone Nematostella
vectensis are strikingly reminiscent of HOM-C gene expression in
bilaterian animals (Kusserow et al., 2005). These data have lead to
proposals of an ancestral “Wnt code” responsible for regional
patterning, with a later co-option of HOM-C genes to this role in
bilaterians (reviewed in Guder et al. (2006), Ryan and Baxevanisvelopmental Biology Program,
berlin).
, UCSF, San Francisco CA 94110,
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8673, Singapore.
l rights reserved.(2007)). Although the comparative genomic evidence supports this
model, experimental evidence is limited.
Among bilaterians, HOM-C genes exhibit striking conservation yet
complexity in how they are expressed and regulated. HOM-C gene
expression integrates regulatory information from extracellular
signaling pathways, cross-regulation between HOM-C genes, auto-
regulation and global regulation by Trithorax and Polycomb group
factors (reviewed in Mann and Morata (2000), Breiling et al. (2007)).
In addition to transcriptional regulation, HOM-C gene activity is
modulated by interactions among HOM-C proteins and between
HOM-C proteins and cofactors (reviewed in Mann and Affolter
(1998)). An important unanswered question is how HOM-C gene
activity incorporates and reﬂects these multiple regulatory inputs to
control and specify different cellular behaviors.
Development of C. elegans P cells provides a good system to
research axial patterning, and to investigate the interplay of
signaling pathways and HOM-C genes. C. elegans larvae have 12
ventral epithelial P cells. They are arranged in a single row from
head to tail, and numbered from the anterior based on their
relative position (P1–P12; collectively, Pn). Each P cell generates
neurons (from an anterior daughter cell, Pn.a) and epidermal cells
(from a posterior daughter cell, Pn.p). The cells P(3–8).p in the
hermaphrodite mid-body region (the so-called vulval precursor
cells, or VPCs) have the potential to adopt vulval fates, which allow
them to divide and produce vulval structures necessary for egg-
laying. The Wnt and EGF (epidermal growth factor) pathways
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combs reduced, deformed, proboscipedia) in the central VPCs (P(5–
7).p) and direct the normal pattern of vulva formation (Hill and
Sternberg, 1992; Eisenmann et al., 1998; Myers and Greenwald,
2007; reviewed in Sternberg (2005)).
In the tail region, the most posterior Pn cell (P12) divides to
produce a specialized cell that forms the anterior wall of the
hindgut. The developmental process that induces P12 to be different
from its anterior Pn neighbors involves intercellular signaling
pathways and HOM-C genes. Initially, the two most posterior P
cells (prospective P11 and P12) are aligned as a left/right pair of
cells (Sulston and Horvitz, 1977). Although the two cells both have
the ability to adopt the P12 cell fate, the left cell preferentially
migrates to an anterior position and adopts the P11 cell fate,
whereas the right cell preferentially migrates to a posterior position
and adopts the P12 cell fate (Delattre and Felix, 2001). After the
division of both cells, P11.p fuses with the epidermal syncitium
hyp7, whereas the P12.p cell undergoes one more round of cell
division and gives rise to the P12.pa cell, a cell that contributes to
the hindgut (Sulston and Horvitz, 1977; Fig. 1). The HOM-C gene
egl-5 is expressed in the P12 lineage, and egl-5 activity is required
for the normal P12 cell fate (Chisholm, 1991; Ferreira et al., 1999). In
addition to egl-5, the Wnt and EGF signaling pathways promote theFig. 1. The P11/P12 cells and their cell lineages. A. P11/P12 cell lineages. Nb, neuroblast. X, c
(arrowheads) and P12.pa (arrows) cells have different sizes of nuclei and are in different positi
larval stage. C. DIC images of P11/P12 development in eff-1 and eff-1 egl-5mutant animals. TheP12 cell fate, although whether the two signals act in parallel or in
series has not been clearly established (Jiang and Sternberg, 1998;
Eisenmann et al., 1998). egl-5 acts downstream of EGF in P12
development (Jiang and Sternberg, 1998). The relationship between
egl-5 and Wnt signaling has not been characterized.
In this paper, we investigate the regulatory relationships
between HOM-C genes and the Wnt and EGF signaling pathways
in the development of the P12 cell fate. We show that when the
HOM-C genes mab-5 (fushi tarazu) and egl-5 (Abdominal-B) are
both mutant, Wnt and EGF signaling can promote the P12 cell fate
in the absence of egl-5. This indicates that egl-5 is not strictly
necessary for the P12 fate, and that a regional patterning
mechanism that includes Wnt signaling underlies the HOM-C
patterning system. We use molecular studies to show that egl-5
expression in the P12 lineage is under dynamic control, and that
egl-5 regulatory sequences include an autoregulatory element that
inﬂuences expression in P12.pa. Importantly, this element is
essential for expression in wild type, but not in mab-5 egl-5 double
mutants, identifying regulatory parallels between P12 cell fate
speciﬁcation and egl-5 transcriptional regulation in the P12 lineage.
Overall, this work provides experimental evidence for a complex
layering of developmental information that may reﬂect the evolu-
tionary history of regional patterning systems.ell death. B. DIC images of P11.p and P12.pa cells in different genetic backgrounds. P11.p
ons, features that are used as cell fatemarkers in this study. HS, heat shock. Animals are L3
eff-1(hy21) animal is L3 larval stage, the eff-1(hy21); egl-5(n945) animal is a young adult.
Table 2
EGL-5 acts downstream of the Wnt pathway in P12 fate speciﬁcation.
Genotype N %P12→P11 WT %P11→P12
egl-5(n945)—25 °C 105 100 0 0
pry-1(mu38)—25 °C 108 0 1 99
pry-1(mu38); egl-5(n945)—25 °C 132 95 5 0
bar-1(ga80) 162 99 1 0
hsp-egl-5; non-hsa 35 0 100 0
hsp-egl-5—33 °C, 1 h hsa 67 4 43 53
bar-1(ga80); hsp-egl-5 non-hs 106 99 1 0
bar-1(ga80); hsp-egl-5—33 °C, 1 h hs 104 33 20 47
a non-hs, animals were not heat shock treated; hs, animals were heat shock treated
(1 h at 33 °C).
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Nematode culture and genetic methods
C. elegans strains were grown on NGM plates inoculated with
Escherichia coli strain OP50 (Brenner, 1974). Strains were maintained at
20 °C or 25 °C, depending on the experimental requirements. N2
(Bristol) strain was used as wild type. The following strains were used.
LGII: let-23(sy97) (Aroian and Sternberg, 1991). LGIII: sma-3(e491), lin-
39(n1760), mab-5(e1239), egl-5(n945), unc-119(e2498), php-3(ok919),
nob-1 (ct230ts) (Chisholm, 1991; Maduro and Pilgrim, 1996; Van
Auken et al., 2000). LGIV: dpy-20(e1282), eor-1(cs28) (Brenner, 1974;
Howard and Sundaram, 2002). LGX: bar-1(ga80), eor-2(cs42) (Eisen-
mannandKim, 2000;Howard and Sundaram, 2002). Transgenic strains:
1) BW2127: him-5(e1490); [nob-1::gfp; rol-6D] (kindly provided by W.
Wood and L. Edgar). 2) CF439: lin-39(n1760); dpy-20(e1282); him-5
(e1490); muIs23 [dpy-20(+), hsp-lin-39] (Hunter and Kenyon, 1995). 3)
EW61: dpy-20(e1282); him-5(e1490); deIs4 (Wagmaister et al., 2006).
4) PS4267: dpy-20(e1282); syEX178 [dpy-20(+), pLJ5(hsp-egl-5)] (Jiang
and Sternberg, 1998). 5) RH278: unc-119(e2498); buIs11 [unc-119(+),
pLG7 (egl-5::gfp)]. 6) RH274: unc-119(e2498); buEx120 [unc-119(+),
pXL355(HOX/PBC site mutated)]. 7) CM1486: unc-119(e2498); guEx1042
[unc-119(+), pXL387(hsp-mab-5)]. 8) CM1489: unc-119(e2498);
guEx1043 [unc-119(+), pXL369 (hsp-nob-1)]. 9) CM1491: unc-119
(e2498); guEx1044 [unc-119(+), pXL380 (hsp-php-3)].
Plasmid construction
Plasmids corresponding to hsp-mab-5, hsp-php-3 and hsp-nob-1
were constructed for this study. hsp-mab-5 and hsp-nob-1 were
constructed from cDNAs ampliﬁed using PCR from mixed-stage N2
RNA, subjected to reverse transcription (RT-PCR), and cloned into
pPD49.78 (kindly provided by A. Fire). hsp-php-3 was constructed
using genomic php-3. The coding region of php-3was ampliﬁed using
PCR to produce a product that extends from the start codon to the
stop codon (the clone containing the php-3 genomic region was
kindly provided by W. Wood and L. Edgar). This genomic php-3
fragment was cloned into pPD49.78 as well. All constructs were
conﬁrmed by sequencing.
Site-directed mutagenesis experiments were conducted using the
Quick-Change site-directed mutagenesis kit (Stratagene). Speciﬁc
primers to incorporate different sequence changes were synthesized
by IDT Inc. The 1.3 kb egl-5 regulatory fragment (31088-32429, C08C3
number) in pLG7 was cloned into pBSII for mutagenesis. Introduced
mutations were conﬁrmed by restriction enzyme digestion and byTable 1
P11/P12 development in HOM-C gene mutants.
Genotype N %P12→P11a WT %P11→P12b Otherc
N2 N200 0 100 0 0
egl-5(n945) 76 100 0 0 0
mab-5(e1239)d 40 3 27 30 40
mab-5(e1239) egl-5(n945)e 63 52 35 0 13
lin-39(n1760) 50 0 100 0 0
lin-39(n1760) egl-5(n945) 64 100 0 0 0
lin-39(n1760) mab-5(e1239)d 73 11 23 25 41
lin-39(n1760) mab-5(e1239) egl-5(n945)e 55 44 47 2 7
a Percentage of animals with two P11.p-like cells.
b Percentage of animals with two P12.pa-like cells.
c Animals were scored “other”when extra hypodermal cell nuclei were observed, but
not P11.p and P12.pa cells.
d In all cases with one P11 and one P12 cell, the cell that develops as P12 is the cell in
the more posterior position (the normal position for P12). P12 speciﬁcation is not
signiﬁcantly different between these two strains (P=0.16; Fisher's exact test).
e P12 speciﬁcation is not signiﬁcantly different between these two strains (P=0.36;
Fisher's exact test).sequencing. Fragments with different mutated sites were cloned back
into GFP expression vector pPD107.94.
egl-5(n945) genomic DNA isolation and sequencing
egl-5(n945) mutant animals were grown on NGM plates seeded
with OP50, and Genomic DNA was isolated from mixed stages of
worms. PCR was used to amplify fragments that included the exons
egl-5, and the fragments were sequenced by the OSU Plant-Microbe
Genomics Facility. The sequence revealed a nonsense mutation that
would affect Trp92 (UGG→UAG; genomic sequence: acg ttt ccc gga tAg
cct cag tgc tat). This premature stop is predicted to result in a truncated
protein that lacks the homeodomain. This sequence result is consistent
with the observation that the n945 mutation is amber-suppressible
and behaves genetically as a null (Desai and Horvitz,1989). Altogether,
the genetic and molecular data argue that egl-5(n945) is a null.
Construction of transgenic animals
Transgenic animals carrying hsp-mab-5, hsp-nob-1 or hsp-php-3
were generated by microinjection of DNA into the germline of
hermaphrodites according to the method of Mello et al. (1991).
Injection mixtures included 40 ng/μl of hsp-plasmid, 30 ng/μl of
selective marker pDP#MM016B (unc-119(+)) and 65 ng/μl pBSII as
carrier DNA.
Transgenic animals carrying egl-5::gfp clones were obtained by
microinjection of DNA into the germline of hermaphrodites, with the
modiﬁcation of Kelly et al. (1997) that producesmore stable transgene
expression. Injectionmixtures included 5 ng/μl of linearized egl-5::gfp
plasmid, 5 ng/μl of linearized pDP#MM016B (unc-119(+)) and
1000 ng/μl yeast genomic DNA digested with PuvII as carrier.
Induced gene expression experiments
For transgene-bearing animals with a wild-type background, adult
hermaphrodites were placed individually on plates to collect eggs.
Worms were transferred to new plates for every 2 h. For the
transgene-bearing animals with the egl-5(n945) mutant background,
offspring cohorts were collected by either cutting adult hermaphro-
dites into halves or bleaching gravid hermaphrodites to recover eggs.
Gene expressionwas induced by heat shock treatment in larvae 8–9 h
after hatching. This time period is when induced expression of hsp-
egl-5 (PS4267) causes the highest frequency of P11 to P12 cell fate
transformation (Jiang and Sternberg, 1998). For embryos recovered by
bleaching, larvae were subjected to heat shock treatment 12 h after
synchronized L1s were put back onto the plates to initiate feeding.
This time point was determined experimentally, by heat-shocking
hsp-egl-5 transgene-bearing animals at different time points and
determining the time that yields the highest P11 to P12 transforma-
tion rate. The heat shock treatment conditions were 33 °C, for 40 min.
These conditions were selected because we found that more stringent
conditions caused almost all hsp-nob-1 and hsp-php-3 transgene-
bearing worms to die. As the hsp-mab-5 construct did not exhibit
Table 3
Wnt and EGF pathways specify P12 cell fate in HOM-C mutants.
Genotype N %P12→P11
mab-5(e1239) egl-5(n945)a,b,c 63 52
let-23(sy97) 75 49
let-23(sy97); mab-5(e1239) egl-5(n945)b 64 77
bar-1(ga80) 162 99
mab-5(e1239) egl-5(n945); bar-1(ga80)c 130 89
a These data are from Table 1.
b Pb0.01 Fisher's exact test; compared to mab-5(e1239)egl-5(n945) mutant.
c Pb0.0001 Fisher's exact test; compared to mab-5(e1239)egl-5(n945) mutant.
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by examining the impact on Q cell migration in these animals (Salser
and Kenyon, 1992).Microscopy and anatomical analysis
Nomarski DIC microscopy was performed using a Zeiss Axioplan
microscope. L3 to L4 stage hermaphrodites were examined for P11 and
P12 developmental fates which were inferred by the different relative
positions and nuclear sizes of presumptive P11.p and P12.pa cells
(Jiang and Sternberg, 1998). egl-5::gfp transgene-bearing animals
were examined for GFP expression in L3 to L4 hermaphrodites using
the same Zeiss microscope with epiﬂuorescence ﬁlters.Temporal analysis of pLG7 expression
Gravid hermaphrodite carrying buIs11 (pLG7) were bleached, and
recovered eggs were hatched intoM9 buffer to produce a synchronous
population of L1 larvae. Synchronized L1 worms were put back to
plates with OP50 to initiate growth. From this population, a sample of
worms was selected every 2 h and scored for GFP expression in the
P11/P12 cells and their offspring under the Zeiss microscope with
epiﬂuorescence ﬁlters. For each time point, at least 25 worms were
scored.Results
The P12 cell fate can develop in the absence of egl-5
Previous results indicated that the HOM-C gene egl-5/Abdominal-B
is both necessary and sufﬁcient for P12 fate in C. elegans development.
Speciﬁcally, egl-5 loss-of-function mutants lack P12 cells, and the
presumptive P12 cells instead adopt the P11 cell fate (Chisholm, 1991;
Fig. 1). In contrast, induced expression of EGL-5 is sufﬁcient to
promote both presumptive P11/P12 cells to adopt the P12 cell fate
(Jiang and Sternberg, 1998). However, we found that this requirement
for egl-5 is inﬂuenced by other HOM-C genes (Table 1). In particular, in
double mutants where egl-5 is removed in combination with mab-5/
fushi tarazu, normal P12 development can occur in 35% of animals,
whereas disruption of lin-39/Sex combs reduced/deformed/probosci-
pedia does not have a similar effect (Table 1). This result suggests that
although egl-5 normally inﬂuences the P12 fate decision, there are
other genes that can specify the P12 fate in the absence of egl-5
activity. In addition, the result indicates that one role for mab-5 is to
prevent these genes from acting. Furthermore, mab-5 single mutant
animals display a variable phenotype of presumptive P12 to P11 and
presumptive P11 to P12 fate transformations (Table 1; Kenyon, 1986;
Chisholm, 1991). This result suggests that factors that promote P12
fate are misregulated in the absence of mab-5, an interpretation
consistent with EGL-5 staining in mab-5 mutants (Ferreira et al.,
1999).Wnt and EGF can promote P12 cell fate independent of egl-5
Besides egl-5, mutants for Wnt and EGF signaling pathway
components display P12 fate defects (Aroian and Sternberg, 1991;
Herman and Horvitz, 1994; Herman et al., 1995; Eisenmann and Kim,
2000). Genetic epistasis experiments between components of these
signaling pathways and egl-5 showed that egl-5 is required for the P12
cell fate when the signaling pathways are constitutively active (Jiang
and Sternberg,1998; Table 2). Reciprocally, induced expression of egl-5
is sufﬁcient to bypass a signaling defect (Jiang and Sternberg, 1998;
Table 2). These results indicate that egl-5 normally acts downstream of
the Wnt pathway to promote P12 cell fate, as it does for the EGF
pathway.
Since all previous tests of the relationship between Wnt, EGF and
egl-5 were carried out in mutants where the other HOM-C genes are
intact, we tested whether development of the P12 cell fate in mab-5
(e1239) egl-5(n945) mutants is inﬂuenced by Wnt or EGF signaling.
let-23 encodes the receptor tyrosine kinase in the C. elegans EGF
pathway (Aroian et al., 1990). In let-23 mutants, the presumptive
P12 cell adopts the P11 fate (Aroian and Sternberg, 1991). We
constructed let-23(sy97); mab-5(e1239) egl-5(n945) triple mutants,
and found that the presumptive P12 cell adopted the P11 cell fate in
the triple mutants 77% of the time, compared to 52% in mab-5
(e1239) egl-5(n945) double mutants (Pb0.01) (Table 3). let-23
(sy97) is a non-null allele, and single mutants fail to develop normal
P12 cells 49% of the time. Therefore, although normally let-23 acts
through egl-5 to promote the P12 cell fate, P12 cell development in
mab-5 egl-5 double mutants is sensitive to EGF signaling. This
indicates that in this genetic background, EGF acts through factors
other than egl-5.
bar-1 encodes the β-catenin transcriptional activator of the Wnt
pathway important for P12 cell fate (Eisenmann and Kim, 2000).
We constructed mab-5(e1239) egl-5(n945); bar-1(ga80) triple
mutants to assess the role of the Wnt pathway in promoting P12
cell fate in mab-5(e1239) egl-5(n945) mutants. We found that in the
triple mutants the presumptive P12 cell adopted the P11 fate 89% of
the time, compared to 52% for mab-5(e1239) egl-5(n945) double
mutants (Pb0.0001) (Table 3). Although the P12 cell fate is still
present in some triple mutants, the result indicates that the P12 cell
fate in mab-5(e1239) egl-5(n945) double mutants is also dependent
on the Wnt pathway. It is possible that the residual P12
development results from partial redundancy of Wnt with the EGF
pathway, residual activity associated with bar-1(ga80), or the
activity of other genes that can inﬂuence P12 cell fate. Altogether,
our results indicate that signaling by Wnt and EGF can promote P12
cell fate in the absence of egl-5.Prevention of cell fusion is not sufﬁcient for P12 cell fate in the absence of
egl-5
If Wnt and EGF are capable of promoting P12 cell fate in the
absence of egl-5, then what is the normal role for egl-5 in this
process? One difference between the P11 and P12 cell lineages is that
the posterior daughter of P11, P11.p, fuses with the epidermal
syncytium hyp7 soon after it is born. In contrast, the posterior
daughter of P12, P12.p, does not fuse, and undergoes one further cell
division (Sulston and Horvitz 1977, Fig. 2A). Therefore, we hypothe-
sized that one role for egl-5might be to prevent fusion of the P12 cell
or its offspring with hyp7, thereby allowing it to later respond to
Wnt/EGF signaling. In this model, egl-5 function in P12 speciﬁcation
is similar to that of the HOM-C gene lin-39. In the mid-body region,
one role of lin-39 is to promote the competence of vulval precursor
cells (VPCs) to respond to EGF and Wnt during vulval development
by preventing their fusion to hyp7 (Shemer and Podbilewicz, 2002;
Myers and Greenwald, 2007).
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Table 4
Disrupted cell fusion does not rescue the 2P11.p defect in egl-5 mutants.
Genotype N %P12→P11a
eff-1(hy21) 43 0
egl-5(n945) 76 100
eff-1(hy21); egl-5(n945) 60 100
a Cell fate was assigned on the basis of cell size and position with respect to the
hindgut.
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mutants should bypass the requirement for egl-5 activity. To test this
hypothesis, we examined P11/P12 development in eff-1(hy21) egl-5
(n945) double mutants. eff-1 encodes a glycoprotein required for cell
fusion in C. elegans (Mohler et al., 2002). We used AJM-1::GFP as a
marker to score unfused versus fused cells. AJM-1::GFP is a ﬂuorescent
protein that is localized to adherens junctions, outlining the borders
between epithelial cells (Koeppen et al., 2001). Normally, after P11.p
fuses to hyp7, the P11.p nucleus is no longer surrounded by its own
membrane, and localized AJM-1::GFP is lost. In contrast, AJM-1::GFP
persists around P12.p, which remains cellular. We found that while
fusion of P11.p to hyp7 is blocked by eff-1(hy21), 100% of the
presumptive P12 cells in eff-1(hy21) egl-5(n945) animals adopt the
P11 cell fate, similar to egl-5(n945) single mutants (Table 4; Fig. 1C).
We conclude that prevention of cell fusion is not sufﬁcient to permit
P12 fate speciﬁcation. Although we cannot rule out the possibility that
egl-5 inﬂuences cell fusion, this result indicates that egl-5 contributes
to P12 cell fate development through mechanisms in addition to
preventing fusion of P12.p to hyp7.Multiple regulatory inputs inﬂuence egl-5 expression in the P12 cell
lineage
Although our results suggest that egl-5 is not strictly necessary for
P12 fate, our data and data from other labs support the idea that under
normal conditions egl-5 is a key regulator of P12 cell development
(Chisholm, 1991; Jiang and Sternberg, 1998; this study). Transcrip-
tional regulation is a critical mechanism for modulating egl-5 activity
within cells (Kenyon et al., 1997; Jiang and Sternberg 1998; Zhang and
Emmons, 2001; Ross and Zarkower, 2003). Given the important role of
egl-5 in P12 cell development, we sought to better understand the
molecular mechanisms regulating egl-5 expression in the P12 lineage.
Previously, Teng et al. (2004) identiﬁed a 1.3 kb egl-5 enhancer
fragment (present in the clone pLG7) that is sufﬁcient to promote GFP
expression in the P12 lineage (identiﬁed as “P12”).We have conﬁrmed
that this enhancer promotes expression in the P12 lineage (Fig. 2;
Table 5). By following the expression pattern in transgene-bearing
animals across time, we detect GFP in P12.pa, a cell type unique to the
P12 cell lineage (Fig. 2B, seeMaterials andmethods). We do not detect
it in the P12 cell or lineage prior to the birth of P12.pa, including
during migration of the presumptive P12 to the ventral cord, the time
when P12 is sensitive to egl-5 activity (Jiang and Sternberg,1998). This
indicates that either pLG7 contains sequences that enhance expres-
sion speciﬁcally in P12.pa, or it contains weak enhancers for the P12
lineage, and stronger P12.pa enhancers.Fig. 2. A conserved HOM-C/PBC site in the egl-5 regulatory region is necessary for expression
5(+)) L4 hermaphrodites. pLG7 carries a 1.3 kb egl-5 enhancer (Teng et al., 2004). The ide
(arrows) is lost from transgene pXL355, whereas the U cell expression is retained (arrowhe
methods). GFP expression from pLG7 (line) starts at 31–32 h after egg-laying (AEL) (n=25)
23 h AEL when P11/P12 move to the ventral cord (Ferreira et al., 1999;Jiang and Sternberg, 19
to recapitulate the pLG7 expression pattern in hindgut. Elements a, b, c, d, e and f were identiﬁ
conserved HOM-C/PBC binding site is identiﬁed in this study. At least three independent line
pa is indicated in parentheses. D. Sequence alignment of the HOM-C/PBC site conserved in
marked respectively. E. P12.pa expression analysis in the HOM-C/PBC consensus site mut
mutated. m, mutated.Since we characterized expression of the pLG7 reporter transgene
in the P12 lineage using direct observation of GFP, we cannot rule out
the possibility that the egl-5 enhancer in pLG7 acts at earlier time
points, but we are unable to detect the GFP due to low expression
levels. To test whether pLG7 includes elements important for earlier
P12 development, we used a functional test. We developed a chimeric
transgene that expresses EGL-5 protein under the regulatory control
of the 1.3 kb enhancer from pLG7. We then asked whether transgenes
containing this clone can restore the P12 cell fate in an egl-5 null
mutant. We ﬁnd that this transgene fails to rescue P12 cell fates (data
not shown). This result suggests that some cis-regulatory sequences
necessary to activate egl-5 expression in the proper spatial and
temporal pattern within the P12 lineage lay outside of pLG7. We
interpret our results to indicate that egl-5 includes gene regulatory
elements important for expression in the P12 lineage, but that the
element(s) essential for initiation of expression and directing P12 cell
fate are physically separable from those important for initiation or
maintenance of expression in P12 offspring such as P12.pa.
Autoregulation promotes egl-5 expression in the P12.pa cell
Our analysis shows that expression driven by the pLG7 enhancer
correlates with the P12.pa cell fate. Previous analysis interpreted pLG7
as a marker that correlates broadly with the P12 cell, and identiﬁed
prospective Tcf/POP-1 binding sites within the transgene that
inﬂuence expression in all hindgut cells, including P12 (Teng et al.,
2004). To better understand the speciﬁc regulatory inputs responsible
for P12.pa expression, we carried out a deletion analysis of the
sequences in pLG7. This identiﬁed a 365 bp sequence that is sufﬁcient
for GFP expression in P12.pa as well as the in U, K, F and B hindgut cells
(Figs. 2A, C). We compared the sequences in this element to the egl-5
regulatory region from other Caenorhabditis species, and identiﬁed a
potential HOM-C/PBC binding site (TGATGAAT) that could be bound
by HOM-C proteins like EGL-5 itself (Mann and Affolter,1998; Fig. 2D).
Since P12.pa cells do not develop and the reporter gene is not
expressed in the P lineages of egl-5 mutants, the sequence analysis
suggested that pLG7 contains an autoregulatory element for EGL-5.
Site-directed mutagenesis of this element in the full-length pLG7
reporter construct eliminates the GFP expression in P12.pa but not
other hindgut cells, conﬁrming that this site is necessary for the
expression in P12.pa (Figs. 2A, E). In addition, we tested whether EGL-
5 protein is required by this element. We found that in animals in
which Wnt signaling is blocked by disruption of bar-1, pLG7 can be
activated in response to induced expression of EGL-5 (Table 5). In
contrast, if we mutated this site in the pLG7 template, induced
expression of EGL-5 cannot activate the expression of GFP in P12.pa,
despite the fact that the animals can develop normal P12 cells and
lineages (Table 5). Taken together, these results suggest that the egl-5
enhancer present in pLG7 contains an EGL-5 autoregulatory element
that promotes EGL-5 expression in P12.pa.
Since our analysis of the egl-5 regulatory sequences in pLG7
identiﬁed an EGL-5 response element necessary for expression in the
P12.pa cell, we tested whether the behavior of this transgene is
different in mab-5 mutants in the same way that P12 cell fate
dependence on egl-5 is altered in mab-5 mutants. Indeed, we foundin P12.pa. A. DIC and GFP images of the hindgut cells (P12.pa, U, K, F, B) inwild type (egl-
ntiﬁed HOM-C/PBC consensus site (D) is mutated in pXL355. Hence P12.pa expression
ad). B. Analysis of the timing of pLG7 expression in the P12 lineage (see Materials and
. EGL-5 protein (dotted line) starts expression and can function in the P12 lineage at 21–
98). C. Deletion analysis of the egl-5 enhancer sequence. A 364 bp sequence is identiﬁed
ed previously, and are conserved between two nematode species (Teng et al., 2004). The
s were tested for each transgene. The percentage of animals with GFP expression in P12.
three nematode species. Conserved nucleotides bound by HOM-C and PBC proteins are
agenesis experiment. Five independent lines were tested for each transgene. +, non-
Table 5
The HOX/PBC enhancer in pLG7 can respond to EGL-5.
Genotype N %P12a %P12.pa
expression
buIs11(pLG7)b N100 100 98
buEx120(pXL355)c 59 100 0
egl-5(n945); buIs11d 37 0 N/A
bar-1(ga80); buIs11 163 0 N/A
bar-1(ga80); hsp-egl-5; buIs11—33 °C; 1 h hs 51 51 85
bar-1(ga80); hsp-egl-5; buEx120—33 °C; 1 h hs 62 45 0
mab-5(e1239) egl-5(n945); buIs11 60 32 100
mab-5(e1239) egl-5(n945); buEx120 65 35 48
a Percentage of animals with P12.pa-like cell(s) in the normal, most posterior
position.
b buIs11 contains the pLG7 GFP reporter transgene (Teng et al., 2004). pLG7 includes
1.3 kb egl-5 regulatory sequence that is sufﬁcient to promote expression in the P12
lineage as well as other hindgut cells, K, F, B and U (Fig. 2A).
c buEx120 contains pXL355, which is the pLG7 clone in which the HOM-C/PBC site is
altered as shown in Fig. 2D. Although expression in P12.pa is lost, expression in other
hindgut cells is retained (Fig. 2A).
d In this mutant background, expression in P cell lineages is absent, whereas
expression in other hindgut cells is retained.
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egl-5 double mutants (Table 5). Furthermore, we found that the
transgene in which the EGL-5-response element is mutant is
expressed in P12.pa in mab-5 egl-5 mutants, whereas it is not
expressed in P12.pa in the wild-type background (Table 5). This
result suggests that although the site is important for expression in
wild type, in the double mutants other factors bypass the requirement
for EGL-5, and that this bypass occurs through regulatory sequences
distinct from the EGL-5 response element.Other HOM-C genes and P12 cell fate
Our results so far demonstrate that Wnt and EGF signaling can
promote P12 cell fate in mab-5 mutants in the absence of egl-5. This
suggests that these pathways can regulate the function of another
factor or factors that can promote the P12 cell gene expression proﬁle.
One possibility is that this factor is another Abdominal-B (Abd-B)
homeobox protein(s). There are three C. elegans Abd-B genes: egl-5,
php-3 and nob-1 (Chisholm, 1991; Wang et al., 1993; Van Auken et
al., 2000). php-3 and nob-1 are required for normal patterning of the
most posterior region of the worm (Van Auken et al., 2000). Since
wild-type php-3 and nob-1 genes are present but not sufﬁcient to
promote P12 fate in egl-5 single mutants, our hypothesis was that
although other Abd-B factors can regulate EGL-5 target genes toFig. 3. Induced expression of HOM-C genes can promote P12 development in the
absence of egl-5. Different HOM-C genes were tested for rescue of P12 development in
egl-5(n945) mutant animals. Animals were scored at L3–L4 stage under Nomarski
optics. ⁎Pb0.01, t-test. §Pb0.01, t-test.promote P12 fate, normally, mab-5 prevents their expression in the
P12 cell.
A prediction of this hypothesis is that induced expression of php-
3 and/or nob-1 should be sufﬁcient to promote P12 cell fate in the
absence of egl-5. To test this idea, we created egl-5(n945) strains
bearing heat-inducible transgenes hsp-php-3 (guEx1044) or hsp-
nob-1 (guEx1043), and compared them to hsp-egl-5 (syEx178) as a
positive control (see Materials and methods). Normally, the P12 cell
adopts the P11 fate in 100% of egl-5(n945) animals, and 0% of
animals are wild type. Induced expression of EGL-5 in response to
heat treatment (33 °C, 40 min) in this background increases the
percentage of wild type to 35%. Induced expression of NOB-1 and
PHP-3 likewise increased the percentage of wild-type animals to
22% (Pb0.01) and 21% (Pb0.01), respectively (Fig. 3). This result
suggests that PHP-3 and NOB-1 are capable of promoting P12 cell
fate in the absence of egl-5, supporting the idea that the P12 cell
fate in mab-5 egl-5 double mutants could result from the activity of
other Abd-B genes. We also tested the fushi tarazu-related gene
mab-5 and Sex combs reduced/deformed/proboscipedia-related gene
lin-39 in this assay, and found that although MAB-5 cannot promote
P12 cell fate, induced expression of LIN-39 increases the percentage
of wild-type animals to 13%. These results indicate that other
homeobox proteins can promote P12 cell fate when artiﬁcially
introduced into the cell. However, this activity may not reﬂect the
capabilities of the endogenous genes.
To determine whether other Abd-B genes normally inﬂuence P12
cell fate, we evaluated mutants (Table 6). php-3 mutants exhibit
normal P11/P12 cell development, and nob-1 mutants display a low
frequency of P12 defects. nob-1 and php-3 can partially compensate
for each other (Van Auken et al., 2000), and it is possible that more
severe P12 developmental defects would be observed in nob-1 php-
3 double mutants. However, double mutants exhibit extensive
morphological defects, and generally do not survive to stages
where P11/P12 cell fate can be assessed (Van Auken et al., 2000;
our data not shown). Consequently, we could not assess the double
mutants for this phenotype. To test whether nob-1 or php-3
promote P12 cell fate in the absence of egl-5, we tested the impact
of single mutants in the mab-5 egl-5 double mutant background. We
found that neither nob-1 nor php-3 signiﬁcantly enhances the
frequency of transformation of presumptive P12 cell to the P11 fate
in this background. However, the mab-5 egl-5 nob-1 triple mutants
exhibit greater tail morphogenesis defects than nob-1 single
mutants or mab-5 egl-5 doubles, resulting in a larger number of
animals that could not be scored for P11/P12 fate due to gross
morphological defects, or missing/misplaced Pn.p cells (the “other”
category in Table 6). These results suggest that development of P12
cells in mab-5 egl-5 double mutants is not sensitive to reduced
activity of other Abd-B genes nob-1 and php-3.
The single mutant analysis suggested that nob-1 can inﬂuence the
P12 cell fate in wild type. However, the mechanism is not clear. OneTable 6
Abd-B genes nob-1 and php-3 and P12 cell development.
Genotype N %P12→
P11
WT %P11→
P12
Other
mab-5(e1239) egl-5(n945)—25 °C 66 59 29 0 12
nob-1(ct230)—25 °C 54 6 89 0 5
mab-5(e1239) egl-5(n945)
nob-1(ct230)—25 °C
57 35 21 0 44
pry-1(mu38)—25° C 108 0 1 99 0
pry-1(mu38); nob-1(ct230)—25 °C 41 2 2 73 23
mab-5(e1239) egl-5(n945)—20 °Ca 63 52 35 0 13
php-3(ok919) 54 0 100 0 0
mab-5(e1239) egl-5(n945)
php-3(ok919)a
87 62 28 0 10
a P=0.23 by Fisher's exact test.
Table 7
HOM-C reporter transgenes are not expressed in the P12 lineage of mab-5 egl-5 double
mutants.
Genotype N %P12 expressiona
mab-5(e1239) egl-5(n945); nob-1::gfp 32 0
mab-5(e1239) egl-5(n945); php-3::gfp 20 0
mab-5(e1239) egl-5(n945); lin-39::gfp 25 0
Genotype N %P12.p expressionb
mab-5(e1239) egl-5(n945); nob-1::gfp 29 0
mab-5(e1239) egl-5(n945); php-3::gfp 23 0
mab-5(e1239) egl-5(n945); lin-39::gfp 30 0
a Animals were examined in early L1 when P11/P12 cells enter ventral cord.
b Animals were examined in mid-late L1, soon after the division of the presumptive
P12 cell.
163X. Li et al. / Developmental Biology 332 (2009) 156–165possibility is that nob-1 (and potentially php-3) plays a direct role in
promoting P12 cell fate. Alternatively, the broader roles of nob-1 and
php-3 in tail development could disrupt the development of signaling
cells (sources of Wnt and EGF), and would affect P12 development as
do let-23 and bar-1 mutants (Table 3). To distinguish between these
possibilities, we asked whether the pry-1(mu38)mutant phenotype is
bypassed by introduction of nob-1(ct230) as it is by introduction of
egl-5(n945) (Table 2; Table 6). We ﬁnd that the nob-1 phenotype is
not epistatic to pry-1, arguing that nob-1 does not act downstream of
pry-1 in promoting P12 cell fate. However, a small percentage of
animals exhibit wild-type cells or a transformation of P12 to P11 fate.
One interpretation of these exceptions is that, in some cases, nob-1
can inﬂuence P12 cell fate downstream of pry-1. An alternative
interpretation is that it acts in parallel. For example, if the develop-
ment of the EGF signaling cell is defective in nob-1 mutants, it may
inﬂuence the development of the P12 cell fate even when the Wnt
pathway is mutant.
As a ﬁnal test of whether other HOM-C genes can directly
compensate for egl-5 in mab-5 mutants, we examined the expres-
sion pattern of nob-1::gfp, php-3::gfp and lin-39::gfp reporter genes
in P11/P12 cells in wild-type and mab-5(e1239) egl-5(n945) back-
grounds. In wild type, nob-1::gfp and php-3::gfp express in cells
posterior the egl-5 expression domain, and lin-39::gfp expresses in
the mid-body, consistent with their functional domains (Z. Liu, L.
Edgar and W. Wood personal communication; Arata et al., 2006;
Wagmaister et al., 2006). This pattern remained unchanged in mab-
5 egl-5 double mutants (Table 7). Although it is possible that the gfp
reporter transgenes do not fully recapitulate endogenous gene
expression, this result does not support the idea that php-3, nob-1
or lin-39 directly compensate for the absence of egl-5 to promote
P12 cell fate in mab-5 egl-5 mutants.
eor-1 and eor-2 and P12 cell fate in mab-5 egl-5 mutants
Howard and Sundaram (2002) showed that eor-1 (a gene that
encodes a protein similar to the mammalian promyelocytic
leukemia zinc-ﬁnger protein (PLZF) transcription factor) and the
functionally-related eor-2 promote P12 cell fate, and functionTable 8
eor-1 and eor-2 and P12 cell development.
Genotype N %P12→P11
mab-5(e1239) egl-5(n945)a,b,c 63 52
eor-1(cs28) 103 20
mab-5(e1239) egl-5(n945); eor-1(cs28)b 56 62.5
eor-2(cs42) 104 13
mab-5(e1239) egl-5(n945); eor-2(cs42)c 57 61
a These data are from Table 1.
b P=0.35 by Fisher's exact test.
c P=0.36 by Fisher's exact test.cooperatively with egl-5. Thus we hypothesized that these proteins
may be responsible for P12 cell development in the mab-5 egl-5
double mutants. To test this possibility, we constructed triple
mutants and found that they exhibit a modest, but statistically
insigniﬁcant decrease in P12 cell fate compared to mab-5 egl-5
double mutants (Table 8). These results indicate that although eor-
1 and eor-2 may inﬂuence P12 cell fate independent of egl-5,
another gene(s) is primarily responsible for the P12 cells that
develop in mab-5 egl-5 double mutants.
Discussion
C. elegans P11/P12 development is a simple binary-switch decision
that responds to anterior/posterior patterning cues. Two extracellular
signals (Wnt and EGF) as well as HOM-C genes (mab-5 and egl-5) are
known to be important in this process. Hence, P11/P12 development
provides a system to investigate the functional integration of HOM-C
genes and extracellular signaling into a simple cell fate decision. Our
studies clarify the role of egl-5 in P12 cell development, and
demonstrate that it is not necessary for P12 cell fate when mab-5 is
mutant. This argues that the HOM-C gene patterning system is layered
upon, and is partially redundant with, an underlying signaling system.
We also show that multiple HOM-C genes of C. elegans are capable of
specifying the P12 cell fate, although their normal expression patterns
may restrict their potential to do so. Our data, combined with those of
others, suggest a model for P11/P12 development (Fig. 4).
Functional layering of regional patterning mechanisms and P12 cell fate
Although normally egl-5 is necessary and sufﬁcient for the P12 cell
fate (Chisholm, 1991; Jiang and Sternberg, 1998), we have found that
the P12 cell fate can develop in the absence of egl-5 activity in mab-5
mutants. Tests with other Abd-B genes also suggest that the P12 cell
development is not dependent on these HOM-C genes. We interpret
that C. elegans retains two systems for regional pattering of fate in the
posterior ventral epidermis: HOM-C and signaling by Wnt and EGF.
Whereas the HOM-C gene egl-5 is normally responsive to the signaling
systems, Wnt and EGF can promote P12 cell fate in the absence of
HOM-C gene activity. This role for HOM-C gene-independent
patterning by Wnt signaling is especially exciting, as genomic work
in basal Metazoan species suggests that Wnt signaling, rather than
HOM-C genes, are the ancestral system for regional patterning.
Comparative genomic and gene expression data to support this
model include the apparent absence of HOM-C/Hox-related homeo-
box genes in sponges and ctenophores (Richelle-Maurer et al., 2006;
Larroux et al., 2007; Pang and Matindale, 2008), the regionalFig. 4. Model for P11/P12 development in C. elegans. Our data, combined with those
from others, suggest the following working model. In the P12 cell, MAB-5 expresses
early in larval development. Wnt and EGF signaling (from the tail region) activate EGL-5
expression, which subsequently represses MAB-5 in the P12 cell. At the same time, EGL-
5 expression enhances the competence of the P12 cell to respond to signal induction. In
the P11 cell, which does not receive theWnt and EGF signal, MAB-5 expression persists.
In the absence of egl-5 and mab-5, other factors (indicated as “?”) can act to promote
P12 cell fate in a HOM-C-independent manner.
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patterns seen for HOM-C genes in bilaterians (Kusserow et al., 2005),
and the sequence and syntenic clustering of some Wnt genes that is
conserved in mammals, Drosophila, and N. vectensis (Nusse, 2001;
Kusserow et al., 2005). To our knowledge, our results provide the ﬁrst
functional evidence for a regional patterning by HOM-C that is layered
on top of a HOM-C gene-independent signaling system that includes
Wnt.
Interactions among HOM-C genes and signal transduction pathways in
P cell development
Wnt, EGF and HOM-C genes are also important for the develop-
ment of P cells in the mid-body region of C. elegans. In the mid-body,
the HOM-C gene lin-39 enhances the competence of prospective VPCs
to respond to Wnt and EGF by inhibiting fusion of the cells to hyp7
(Shemer and Podbilewicz, 2002; Myers and Greenwald, 2007). Since
only 35% of presumptive P12 cells develop normally in mab-5 egl-5
double mutants, our results are also consistent with a model in which
egl-5 enhances the competence of the P12 cell to respond to EGF and
Wnt. However, we found that inhibiting cell fusion was not sufﬁcient
to bypass the need for egl-5 in P12 development. This indicates that
the cellular roles of Wnt, EGF and HOM-C genes in promoting Pn cell
development is different in the tail compared to the mid-body region.
Our results underscore the importance of HOM-C gene interactions
in the regional pattering of cell fate, as the egl-5-independent
functions for Wnt and EGF and P12 cell development are only
apparent when both egl-5 and mab-5 are mutant. We propose that
this observation reﬂects cross-regulation between the HOM-C genes, a
model that is consistent with the observed protein expression changes
in single mutants, and the mab-5 mutant phenotype (Kenyon, 1986;
Salser et al., 1993; Ferreira et al., 1999). We speculate that cross-
regulation provides a mechanism for reducing HOM-C gene depen-
dence on other positional information, such asWnt signaling, andmay
have played a role in the ultimate co-option of regional patterning by
HOM-C genes.
Conservation of HOM-C gene function
The primordial HOM-C cluster contains 13 genes (Hughes and
Kaufman, 2002) and HOM-C genes in different species can be assigned
to these 13 groups. During evolution, there have been loss and/or
expansion of certain groups in the complex in different species
(Pearson et al., 2005). In the C. elegans genome, several anterior and
medial group genes have been lost, whereas there are three posterior
Abdominal-B (Abd-B) homologues: egl-5, nob-1 and php-3 (Aboobaker
and Blaxter, 2003a,b). The expansion of the Abd-B group is also
common in other species (Pearson et al., 2005). Functional redun-
dancies between nob-1 and php-3 had been described previously
(Van Auken et al., 2000), but whether all three Abd-B genes are
functionally interchangeable was previously unknown. We ﬁnd that
all three Abd-B genes can function in P12 development when
introduced under control of a heterologous promoter. However, we
were not able to detect a role in P12 development for the endogenous
genes. Furthermore, we showed that lin-39, the Sex combs reduced/
deformed/proboscipedia-related gene, is able to rescue P12 develop-
ment. This is consistent with the observations of others that the
functional conservation can expand to the HOM-C genes from
different groups (Liu and Fire, 2000) and to the HOM-C gene
orthologs across species (Hunter and Kenyon, 1995). In contrast, the
fushi tarazu-related genemab-5 is not able to rescue P12 development
in the same assay. We interpret that while C. elegans HOM-C genes
that display different temporal and spatial expression patterns may
maintain some functional conservation at the protein level, there may
be selection against conservation of protein activity for HOM-C geneslike egl-5 and mab-5 that can express in the same cells or lineage, but
that have different, or inhibitory, roles.
Autoregulation of egl-5 expression in the P12 lineage
Analysis of the enhancer sequence in the pLG7 clone suggests that
egl-5 normally inﬂuences its own expression in the P12.pa cell.
Autoregulation of HOM-C genes is an important regulatory mechan-
ism, observed in many organisms (Popperl et al., 1995; Streit et al.,
2002; Teng et al., 2004). It is important for reﬁning and maintaining
spatially restricted expression domains. In addition to the EGL-5-
response element we have identiﬁed, pLG7 contains three POP-1/TCF
(Wnt-responsive) sites that are important for its activity (Teng et al.,
2004). Whereas the EGL-5-response element is essential to promote
expression in the P12 lineage in a wild-type HOM-C gene background,
the mutant transgene has activity in mab-5 egl-5 double mutants,
which may be mediated by the POP-1/TCF sites. We propose that
pLG7 provides a molecular tool to evaluate the functional layering of
HOM-C regulation over Wnt regulation. If this model is correct, future
experiments that address how wild-type HOM-C proteins inﬂuence
whether POP-1 is sufﬁcient to act through pLG7 sequences may offer
mechanistic insight to how regulatory sequences can evolve from a
Wnt patterning mechanism to a HOM-C patterning mechanism.
Although egl-5 is important for embryonic and larval development,
the functional implications of HOM-C gene autoregulation into the
adult stage are not well characterized. Cells of the C. elegans P12
lineage complete differentiation during the early L2 larval stage, yet
the GFP expression frompLG7 persists throughout larval development
and into the adult, a pattern consistent with the EGL-5 antibody
staining (Ferreira et al., 1999). Why is expression maintained past the
time when egl-5 acts to inﬂuence cell fate? One possibility is that this
expression reﬂects additional functions for egl-5 in the differentiated
P12.pa cell. egl-5 is required for an innate immune response to Mi-
crobacterium nematophilum (Gravato-Nobre et al., 2005; Nicholas and
Hodgkin, 2009). Additional experiments will be necessary to dissect
the developmental roles from any physiological roles of egl-5.
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